Introduction
Since the initial growth of InAs/GaSh superlattices (SL) through MBE techniques [I] over a decade ago, this system has been the subject of various theoretical and experimental studies 12-61, A characteristic feature of the InAs/GaSb SL is the onset of a semiconductor to semimetal transition which occurs when thesuperlattice period d is -170 A [4] . This transition arises from the unusual band structure formed by the constituent materials, whereby the bottom of the InAs conduction band is 150 meV lower than the top of the GaSb valence band. In this paper we report the results of cyclotron resonance (CR) measurements of semimetallic InAs/GaSb superlattices and double heterojunctions (DHET), grown by MOVPE onto -oriented substrates. The results mark the first observation of hole resonances in this superlattice system. Additionally, the results of the electron CR measurements of the InAs/GaSb DHET structures show that the confining potential is dominated by the charge transfer at single interfaces.
The past decade has produced a number of farinfrared magneto-absorption studies on both semiconducting and semimetallic InAs/GaSb superlattices, the notable ones being those of Bluyssen et a/ [7, CR an observed value of m: = 0.040m, is deduced. This value, as would be expected in accordance with the conduction band non-parabolicity, is larger than the electron bulk band edge mass of InAs, which has a value of 0.023m.. Guldner et a/ [13] performed CR measurements on an InAs/GaSb multi-heterojunction sample and noted the presence of a resonance, interpreted as arising from holes, due to the lack of other expected transitions in the field and energy range of the resonance. From the measurements, Guldner deduced a heavy-hole mass of m; = 0.26m,. This value, though less than the handbook value of 0.33m,, corresponds to the heavy-hole mass deduced from CR measurements by Stradling [14] on bulk GaSh.
In contrast to the work of Guldner et a/ [S, I3l'and Maan et U / [lo, 111, the CR measurements of the InAs/ G a s h superlattices in this work are unique in that they present for the first time hole cyclotron resonance for superlattice structures in this material system.
Experimental and sample details
The samples studied in this work consist ofseries of InAs/ GaSb superlattices and double heterostructures (DHETS) grown onto semi-insulating GaAs substrates. In the case of the superlattice structures, some of the samples were grown with a huffer layer of -0.7-0.9 pm of GaSh, using atmospheric-pressure MOVPE. This huffer layer thickness was generally found to be sufficient to accommodate the majority of the strain and resulting dislocations from the first GaAs/GaSb interface. In the case of the superlattices the total thickness of the active layer is typically in the range of 1 to 3pm, and they are thus treated as freestanding superlattices, with strain symmetrization occurring between the InAs and Gash layers to accommodate the small lattice mismatch (0.6%) between the two. For the DHET structures typical GaSb huffer thicknesses were 3 pm.
A number of structures studied were also simultaneously grown using [I 1 I]A substrates, to examine the effects of additional in-built piezoelectric fields. These occur due to the strain in the InAs and GaSb, and as a result the structures grown in the [I 1 I] orientation have in-built fields of order 3 x IO4 V cm-' due to the large piezoelectric coefficients for this orientation [15] .
The use of in-built piezoelectric fields opens up a number of possible device applications and novel structures, as reviewed by Smith [16] and Mailhiot and Smith [17] . We have recently shown that piezoelectric effects in InAs/GaSh structures lead to substantial changes in both the optical and electrical characteristics of superlattices and DHET structures [ 151. Specifically, the opposing signs of the fields in the two materials due to their opposite strain states leads to additional charge transfer, and increased electron and hole concentrations in semimetallic structures. The magnitudes of the piezoelectric fields in these structures have recently been discussed by Lakrimi et a1 [IS] , and in the superlattices studied here we expect fields of 3.8 and 1.9 x IO4 V cm-' in the InAs and Gash layers respectively, while for the DHET structures in which only the InAs layer is strained to the Gash lattice constant, the field is 3.7 x IO4 V cmFive InAs/GaSh supcrlatticcs were utilized in the cyclotron resonance measurements. The relevant layer thicknesses, carrier densities, and DC transport parameters are given in tables 1 and 2.
The particularly interesting feature of these samples is that the charge configuration is much closer to the intrinsic configuration than in the earlier work , with electron to hole ratios of typically 2 : 1. This was deduced from two-carrier fits to the magnetoresistance, The CR measurements were performed at -3 K using a Bruker Fourier transform spectrometer in conjunction with a 15 T superconducting magnet. The resonances were measured in transmission, with the magnetic field perpendicular to the plane of the two-dimensional gas. The samples were wedged to avoid interference effects.
Superlanice results
Typical normalized speclra of the superlattice sample 767[001] are shown in figure 1. At low fields the transmission increases rapidly with energy, with the transmission at low energies increasing strongly when a magnetic field is applied, revealing two clear hole resonances. This increase in transmission is attributed to plasma effects. In bulk material with a plasma frequency, up, given by where N is the volume electron density, m* the effective mass and E is the dielectric constant of the semiconductor, the reflectivity is strongly frequency dependent. A semiconductor sample becomes opaque and totally reflecting for radiation of frequencies less than or equal to wp and is transparent to frequencies above up. Work by Lax and Wright [19, 201 on heavily-doped material has shown that the application of a magnetic field either parallel or perpendicular to the incoming radiation splits Treating the superlattice samples used in these experiments as having an equivalent bulk density equal to nJL, where L is the superlattice period, the plasma edge lies in the range 191-288 cm-' at B = OT, as shown in table 1 . At B = 14.5 T, the plasma edge is split by the cyclotron energy (-400 cm-') and the electron cyclotron active ( U ' ) edge is seen to move up to approximately450 cm-', while the cyclotron inactive ( U -) edge moves down close to 0 cm-'. Hence it is possible to observe hole cyclotron resonances at high magnetic fields when the electron plasma effects are removed for the U-mode, which is the cyclotron active mode for holes. In practice the raw sample transmission is always normalized by ratioing it against a reference spectrum. This is most often done by using a reference spectrum taken at field value (or B = 0) where the spectral features of interest are in sufficiently different frequency regions from those of the sample spectra. In the case of these measurements the ratioing involved the use of spectra taken for an InAs/GaSb double-heterojunction (DHET) structure where plasma effects were not present and no hole resonance were seen.
The reference spectra were taken using identical measurement parameters to those of the sample spectra, at the same magnetic field values, thus eliminating effects associated with variations in the bolometric response due to the magnetic field. This permitted extraction of the hole resonances down to 5.5 T. The electron resonances were obtained by normalizing the sample spectra by ratioing them against spectra from the same sample taken at magnetic fields far from the magnetic field of interest.
It should he noted that these are only qualitative explanations for the large changes in magneto-transmission which are based on the approximation of quasi-3D behaviour. In the case of 2D systems the issue of plasma effects is rather more complicated since the 2D plasma dispersion is not constant with wavevector as it is in the case of a 3D system. For a single ZDEG the'plasma frequency varies as the square root of the in-plane wavevector [2l], and for a set of layered ZDEGS, Raman measurements by Fasol el a1 [22] have shown that the plasma modes result in a complex family of excitation frequencies due to interactions between the layers. However, a detailed examination of the complicated 2D plasma dispersion, which is dominated by the light-mass electrons, is beyond the scope of this paper, and is not expected to strongly influence the hole properties, which are the main topic of this work.
In addition to the typical ratioed transmission spectra (sample 767 This behaviour is similar to that found in other p-type heterojunctions and quantum wells , in which in general two resonances are seen, with masses differing by approximately a factor of two, which correspond qualitatively to the levels originating from the ? 3/2 spin states of the heavy-hole band. This generalization is borne out by detailed Landau level calculations [28-301. The masses in GaSb-based low-dimensional systems such as In,Ga,_,Sb/GaSb quantum wells have been shown to be smaller than any other p-type heterojunction [23] , resulting from the larger Luttinger parameters, but are comparable (0.08-0. IOm,) to those seen in this work. This reduction in mass results from the decoupling of the heavy-and light-hole states in the valence band, and results in an inversion of the mass character for the inplane motion of the 'heavy' m, = 3/2 hole, and 'light' m, = 1/2 hole states.
A detailed calculation of the Landau levels in the InAs/GaSb system is more complex, due to the overlap of the conduction and valence bands in the two materials which leads to strong mixing and anticrossing of the electron and hole Landau levels. This was first shown by Fasolino and Altarelli [31] , who employed a six-band k ' p model within the envelope function approximation. was also chosen so that overlap with many other higher excited hole levels (which would have caused substantial complications) was kept to a minimum. Figure 4 shows a comparison of the experimental transition energies for superlattices. This suggests that the inclusion of band bending and electric fields into the calculation, although useful, would not bring about substantial changes in the overall interpretation, and given the considerable complexity of the calculation, this was not attempted. The simple decoupled limits for the hole masses gives us a useful indication of any possible band structure differences to he expected when comparing [OOll-and [llll-oriented superlattices. The masses in the decoupled limit are given by and Using the values of y1 = 14.3, y z = 5.3 and y 3 = 6.5, this gives miol = 0.051m, and m;, = 0.048mC, deduced from measurements on bulk GaSb [33] . This suggests that we may expect to see a somewhat lower mass for the [I 1 I] structures, which is not inconsistent with the data shown in figure 2, but any differences are rather small.
Finally, it is worth noting the behaviour of the electron resonances, shown in figure 5. For frequencies below -200 cm-' there is evidence for a weak electron resonance superimposed on the strongly frequency-dependent transmission caused by the plasma background. This suggests that either some small component of the electron-hole mixing is leading to a small absorption of the 6 component or that our simple picture of the plasma response is not completely adequate. In contrast, beyond 350 cm-' (the intervening range is inaccessible due to the reststrahlen bands of the GaAs and GaSb substrate and buffer layers) the resonance becomes a single strong absorption corresponding to effective masses of 0.031m, to 0.038m,, depending on the InAs thickness. At this point most of the additional plasma contributions to the resonance position have disappeared.
Cyclotron resonance measurements of InAslGaSb

WETS
In addition to the superlattice structures, cyclotron resonance measurements were performed on a number of double heterojunction (DHET) structures. The measurements were primarily motivated by an effort to gain a basis for comparison of the electron cyclotron mass between [111]-and [001]-oriented samples. Eight double heterojunction samples were studied, three of the samples grown on [OOl] substrates and the remaining five on [11 I] substrates. The sample characteristics are given in tables 4 and 5.
In general, two electron resonances were noted (similar to [ 131). This can be attributed to the presence of two occupied subbands. It is not clear, particularly for the wider InAs layers, whether the origin of the two subbands lies in an asymmetric charge distribution between the two interfaces, or two occupied subbands at a single side of the heterojunction. Figure 6 illustrates a typical ratioed transmission spectrum for sample 758 in both the [OOl] and [ I l l ] growth direction. The decrease in the transmission above 250cm-' is caused by the onset of the reststrahlen region of the GaAs substrate. Figure 7 shows the resonance energy as a function of magnetic field for sample 758[001] and 758 [111] . From this the cyclotron mass can be deduced, as shown in figure 8.
An effort was then made to establish qualitative relationships that might exist between the effective mass and the thickness of the InAs layer. However, no clear systematic relationship was found between the mass values and the layer thickness, due to the varying carrier densities. However, the thinnest InAs layer in sample 643 Flgure 9. Plot of electron effective mass as a function of carrier density. The lull line gives the energy dependence of the mass in a non-parabolic system, and is based on a standard two-band formula (equation (4)) in conjunction with a Fang-Howard description of a self-consistent potential Tine vaiue ofN,,,, is iaken as zero. T i e iuii iine in figure 9 shows the variation in mass as deduced from equation 
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